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The positive inotropic and chronotropic effects of sympathetic stimulation on the heart have been thoroughly documented (Shipley and Gregg, 1945; Randall and Rohse, 1956 ; Anzola and Rushmer, 1956; Gregg, 1963) . Likewise the effects of exogenous catecholamine infusion on coronary blood flow and myocardial oxygen consumption have been the subject of extensive investigation. The increase in myocardial oxygen consumption brought about by infusing noradrenaline results primarily from the augmented haemodynamic performance related to the increased state of inotropy, and not from a direct effect of catecholamines on myocardial cell metabolism (Klocke, Kaiser, Ross, and Braunwald, 1964) . The augmentation in coronary blood flow in these circumstances is a result of the increase in oxygen need by the myocardium. However, catecholamines affect coronary vascular smooth muscles, and therefore changes in coronary blood flow may also be related to a direct action exerted by catecholamines on coronary vascular smooth muscles (Berne, 1958; Zuberbulher and Bohr, 1965; Lioy, 1967) . Since this direct action of catecholamines on coronary vascular smooth muscles This work was supported in part by a grant from the National Heart and Lung Institute -HE 05410-10. is invariably masked by the concomitant and overriding vasodilator effects secondary to the augmented myocardial performance, it has not yet been possible to isolate and characterize the nature of the direct coronary vascular actions of catecholamines.
*
Assuming the vasodilator effects of catecholamines to be related to hypoxia through the release of mediators or in response to a low Po2 at a tissue level (Berne, 1964; Haddy, 1969) , then hypoxia induced by other means such as breathing anoxic mixtures would be expected to give rise to similar vascular changes. Some information regarding the direct coronary vascular effects of catecholamines may be derived by comparing the coronary vascular response to these two forms of hypoxia, one induced by sympathetic stimulation and the other by breathing anoxic mixtures.
The purpose of this study is, firstly, to explore further the effects of sympathetic nerve stimulation on myocardial oxygen consumption and coronary blood flow, secondly, to identify the principal determinants of myocardial oxygen consumption and coronary blood flow during left stellate stimulation, and, thirdly, to compare the changes in coronary blood flow and myocardial oxygen consumption that are induced by left stellate stimulation with those induced by a state of myocardial hypoxia using anoxic mixtures in the inspired air.
Methods
Fourteen dogs were used in these experiments, and were divided into two groups. Under sodium pentobarbital anaesthesia (30 mg/kg), the chest was opened through a median sternotomy and the heart was suspended in a pericardial cradle.
Respiration was maintained through a tracheotomy tube under positive pressure using a Harvard respirator, the tidal volume being regulated to give oxygen saturation in the arterial blood within the physiological range. The azygous vein was ligated and total right heart bypass was started. The entire superior and inferior vena cava blood Row was drained into a reservoir which was kept at body temperature using a heating coil in a water bath that surrounded the reservoir. A cannula was then introduced through a stab wound in the right ventricle and tied in the pulmonary artery through which blood from the reservoir was delivered using a roller pump. The speed of the pump was adjusted to give a cardiac output of 1,800 to 2,000 ml./min and was kept at that level through the experiment. The reservoir and tubing were primed with 1,000 ml, 60/; dextran in 0.9% sodium chloride solution,and the animal was heparinized with 50 mg intravenously every hour. Sodium bicarbonate was periodically added to the reservoir to maintain a pH of 7.35 to 7.50. The haematocrit levels did not exhibit significant changes after institution of right heart bypass and, for the duration of the experiment, the levels for individual dogs were 30-37%. Blood collecting in the right ventricular cavity was drained through another cannula introduced into the right ventricle and was considered to represent coronary venous blood consisting of coronary sinus drainage and right ventricular thebesian drainage. The thebesian drainage from the left ventricle was not accounted for in this preparation.
A large bore cannula was introduced into the left ventricular cavity through the apical dimple for left ventricular pressure measurement. An identical large bore cannula was passed into the ascending aorta via the right common carotid artery to measure the central aortic pressure. The right and left stcllate ganglia were identified and exposed for electrical stimulation. As it became apparent that left stellate ganglion exerted the major haernodynamic effect, right stellate stimulation was abandoned. Pressures were measured using Statham Pz3 db gauges and recorded on Electronics for Medicine multichannel recorder with paper speeds of 50-75 mm/sec. The first peak derivative (dp/dt) of the left ventricular pulse was obtained using a linear R C differentiating circuit. The frequency response of the catheter monometer system was obtained and was found out to be 46 c/sec (pop method). The RC differentiator is within less than 5% error and less than 10' phase shift at this frequency. Body surface ECG was continuously recorded.
Procedure Coronary flow was measured by collecting right ventricular drainage in a graduated cylinder for I min. During this time the pressures were recorded. Arterial and coronary venous blood samples were collected simultaneously for oxygen saturation, pyruvate, and lactate. The left stellate ganglion was then stimulated for z min using a Grass stimulator. The pulses were of z msec duration at 3 to 5/sec and the voltage was adjusted above the threshold level necessary for a recognizable haemodynamic effect. Thirty seconds after the start of stimulation the measurements described above were repeated. Stimulation was then discontinued; and after 1 5 min interval the same protocol was repeated.
The heart rate, left ventricular systolic period, and the systolic ejection period were calculated from the pressure tracings, taking the average of 1 0 beats for each determination. Systolic period was measured from the onset of systole in the left ventricle to the level of the aortic incisura in the left ventricular tracing. The systolic ejection period is the systolic period minus the period of isovolumetric contraction. Mean left ventricular systolic blood pressure was determined by planimetry of the area of the systolic period in the left ventricular pressure tracing. Mean systemic blood pressure was obtained by electronic damping of the aortic blood pressure. Stroke volume was calculated by dividing the blood flow per minute by the heart rate. Mean systolic ejection rate was determined by dividing stroke volume by the systolic ejection period. Myocardial oxygen consumption was obtained as a product of coronary blood Row per minute and arterial minus coronary sinus oxygen saturation difference according to the following formula:
MVOz ml./min = Hg in g 5 :
This was divided by the heart rate to obtain myocardial oxygen consumption per beat and is expressed in microlitres. Lactates were determined by the methods of Barker and Summerson (Barker and Summerson, 1941) and pyruvates by the method of Friedemann and Haugen (Friedemann and Haugen, 1943) . Tension time index (Sarnoff, Braunwald, Welch, Cas, Stainsby, and Macruz, 1958) was obtained as the product of the mean left ventricular systolic blood pressure in mm Hg times systolic periods in seconds and was expressed as mm Hg sec. Left ventricular stroke work in gm metres was obtained as a product of mean left ventricular systolic blood pressure in mm Hg x stroke volume in ml. x 1.36 divided by 100. Minute work was obtained by multiplying the stroke work by the heart rate. In order to account for changes in heart rate, data for coronary blood Row and myocardial oxygen consumption are calculated on a per beat basis and expressed in microlitres per beat, except when otherwise indicated.
A total of six dogs was included in this protocol and this represented group I. Group 11, consisting of eight dogs, was studied, using the same preparation but a modified protocol to include hypoxia. After setting the preparation in the same way as in group I and following the same procedure, control measurements were taken in the same fashion. A state of generalized hypoxia was induced by decreasing oxygen concentration in the inspired air to ~crizz oxygen in nitrogen. After a period of 10 min of ventilation with anoxic mixtures, the same determinations as in the control period were obtained. A period of 10 min was then allowed for the preparation to stabilize while breathing room air and control measurements were repeated. Left stellate ganglion stimulation was carried o u t as in group I and the same measurements as in the control period were recorded again. The data were collected and analysed in the same way as in group I during the control period, left stellate stimulation, and hypoxia. In addition, total coronary resistance was obtained by dividing the mean aortic blood pressure by coronary flow in millilitres per minute and is expressed in arbitrary units. On occasion, the order of stellate stimulation and the state of generalized hypoxia were reversed but the result were always compared with the control data obtained in the immediately preceding period and the data analysed as paired values. There were no significant variations in the control values that were obtained in the same dog for the duration of the experiment. Reproducible response was always obtained in a similar manner at the beginning and at the end of the experiment.
Results
The data representing mean values of observations in the six dogs in group 1 are Table I . There was a total of 14 control observations and 10 observations during stellate ganglion stimulation. Left stellate ganglion stimulation resulted in every experiment in a significant increase in coronary blood flow (P < 0.05) and in myocardial oxygenconsumption (P < 0-005). However, the increase in myocardial O2 consumption was greater than the increase in coronary blood flow and therefore coronary sinus oxygen saturation dropped and coronary arteriovenous oxygen saturation difference increased. The systolic period and the systolic ejection period decreased ( P < 0.05). Left ventricular peak dp/dt showed a significant increase. O n the other hand, left ventricular mean systolic blood pressure and stroke work did not change significantly. Although not statistically significant, tension time index decreased from control levels. The left ventricular end diastolic pressure decreased. The relationship between myocardial oxygen consumption per beat and selected haemodynamic parameters during left stellate ganglion stimulation are shown (Fig. I ) for mean systolic ejection rate and (Fig. 2) tension time index. There was a significant positive correlation of 0.54 (P< 0.005) between mean systolic ejection rate and myocardial oxygen consumption, while that for tension time index was negative but not statistically significant (0.3 I , P < 0 . 2 ) .
Left stellate ganglion stimulation affected lactate uptake by the myocardium. The control arterial lactate concentration was 4.79 k 1.63 and coronary sinus 3'90k 1.18 uM/ml. After left stellate stimulation the arterial lactate concentration was 4'92 _+ 0.92 and coronary sinus rose t o 4.68k0.42 uM/ml., representing a statistically significant decrease in lactate uptake by the myocardium during left stellate stimulation (P < 0.05).
The pertinent data of the 1 0 experiments in group 11 involving left stellate stirnulation and eight experiments involving hypoxia are presented in Table 2 . Similar t o left stellate stimulation, generalized hypoxia resulted in a significant increase in coronary blood flow and myocardial oxygen consumption. However, the increase in coronary blood flow was significantly greater during hypoxia as compared with left stellate stimulation (P < 0*02), whereas the increase in myocardial oxygen conKumption was greater during left stellate stimulation (P < 0.05). Coronary arteriovenous oxygen saturation difference did not change during hypoxia but increased significantly during left stellate stimulation. Coronary sinus oxygen saturation decreased during both hypoxia a n d sympathetic stimu- 
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lation, but the decrease was more marked during hypoxia. The heart rate increased during left stellate stimulation but varied widely during hypoxia with no significant average change in either direction. Mean systemic arterial blood pressure showed no changes during hypoxia and there was a moderate but statistically insignificant increase during left stellate stimulation. Peak left ventricular systolic blood pressure rose significantly only during left stellate stimulation. The mean systolic ejection rate increased significantly during both hypoxia and stellate stimulation. However, the increase was more pronounced during left stellate stimulation (P < 0.005) than during hypoxia.
Total coronary resistance showed a sig- nificant decrease during hypoxia but was not significantly changed during left stellate stimulation. Discussion The role played by the sympathetic nervous system in the control of coronary circulation remains somewhat controversial. (Hardin, Scott, and Haddy, 1961; Juhasz-Nagy, and Sventivanyi, 1961 ; Granata, Olsson, Huvos, and Gregg, 1965; Klocke, Kaiser, Ross, and Braunwald, 1965; Gregg, 1967) . Gregg and other workers in the awake dog have shown a predominant decrease in coronary vascular resistance induced by sympathetic stimulation (Gregg, 1967) and by intracoronary infusion of catecholamines. Coronary blood flow increased to a greater extent than was required to meet the increased oxygen needs by the myocardium, and, therefore, coronary arteriovenous oxygen saturation difference showed a decrease. Berne (Berne, 19581 , on the other hand, utilizing a different experimental preparation, has shown a predominant coronary vasoconstrictor effect induced by catecholamine infusion. Associated with this, coronary arteriovenous oxygen saturation difference increased. Other workers (Hardin et af., 1961 ; Lioy, 1967) have shown similar and conflicting results. Studies using isolated smooth muscle strips from the coronary vessels have also shown variable effects induced by catecholamines, with evidence for vasoconstriction, vasodilatation, or both (Zuberbuhler et d., 1965) .
The variability in these results involves not only methodology, but the extreme complexity of the response of the heart and of the coronary circulation to sympathetic stimulation (Denison and Green, 1958; Katz and Feinberg, 1958; Gregg, 1963; Gaal, Kattus, Kolin, and Ross, 1966) . The myocardial effects of Sympathetic stimulation and catecholamine infusion are well documented and are characterized by an increase in the chronotropic and inotropic states. Oxygen consumption by the myocardium is augmented and this augmentation is primarily related to the increase in the rate of rise of intraventricular pressure (Sonnenblick, Ross, Covell, Kaiser, and Braunwald, 1965) . Coronary blood flow increases to meet the augmented oxygen needs by the myocardium in these circumstances, the stimulus being related to hypoxia at the tissue level (Berne, 1958; Berne, 1964; Haddy, 1969) . Since hypoxia is a very potent vasodilator (Berne, Blackmon, and Gardner, 1957; Feinberg, Gerola, and Katz , 1 9 9 9 , the overwhelming response of the coronary arteries and the arterioles to hypoxia induced by sympathetic stimulation would override and mask the direct sympathetic effects on the coronary vascular smooth muscles.
This study was designed to compare the effects of hypoxia induced by breathing anoxic mixtures with the effects of hypoxia induced by sympathetic stimulation. The first part of the experiment involving group I was carried out to determine the effects of stellate stimulation on myocardial oxygen consumption and coronary circulation. Using this preparation, the experimental changes in haeniodynamics after stellate stimulation were similar to those observed by others (Sonnenblick et al., 1965) . There was a n increase in dp/dt, mean systolic ejection rate, and a small rise in blood pressure and heart rate. Coronary blood flow increased, coronary arteriovenous oxygen saturation difference widened, and coronary sinus oxygen saturation fell. Myocardial lactate uptake decreased or was reversed, reflecting, together with the low coronary sinus oxygen saturation, a state of tissue hypoxia. A comparable degree of myocardial hypoxia was then induced by ventilation with anoxic mixtures. The effects of the two experimental procedures on coronary circulation and myocardial oxygen consumption were compared.
During ventilation with anoxic mixtures, the behaviour of the coronary circulation was not the same as during sympathetic stimulation. Hypoxia resulted in a slight increase in dp/dt, a marked increase in coronary blood flow, and a substantial decrease in total coronary vascular resistance. Coronary sinus oxygen saturation dropped, but coronary arteriovenous oxygen saturation difference was unchanged.
Thus, while there were some similarities during the two experimental procedures, there were marked differences in several parameters including the response of the coronary circulation. Coronary blood flow increased more significantly during hypoxia than during left stellate stimulation, and total coronary vascular resistance decreased only during hypoxia. If the mechanisms responsible for the increase in blood flow during sympathetic stimulation were meaiated by utilizing tissue hypoxia as the main stimulus, then the vasodilator response that was observed during sympathetic stimulation was less than anticipated. That coronary vascular smooth muscles could have been dilated further during left stellate stimulation is readily apparent, since during hypoxia this was achieved resulting in a further increase in coronary blood flow. Instead, during left stellate stimulation, the increase in oxygen consumption by the myocardium was met by a n increase in oxygen extraction from the available blood supply as well as by an increase in the blood supply itself. If the predominant effects of sympathetic stimulation on the coronary vascular smooth muscles were those of vasodilatation, then the coronary vascular effects of hypoxia induced by sympathetic stimulation would have been augmented. Coronary blood flow would have shown a more marked increase and coronary vascular resistance would have shown a more marked decrease than was observed in this experiment. Coronary arteriovenous oxygen saturation difference would not have changed. Thus it appears that coronary vascular response as measured by coronary vascular resistance and coronary arteriovenous oxygen saturation difference exhibited a more significant vasodilator response during hypoxia than during left stellate stimulation.
Several possibilities can be offered to explain these observations. The hypoxic state induced by breathing anoxic mixtures a s measured by coronary oxygen saturation, was somewhat more profound than that induced by sympathetic stimulation. This, however, was not the only factor, since in every dog coronary vascular resistance was higher during stellate stimulation, even though in some dogs coronary sinus oxygen saturation during stellate stiniulation was the same or even lower than during hypoxia. Secondly, the state of generalized hypoxia may affect other organs, such as the liver and the central nervous system, which in turn may affect coronary circulation. This factor could not be assessed in this preparation. Thirdly, the different degrees of inotropic augmentation in the two settings may have exerted some influence on coronary vascular resistance through alterations in tissue pressure. Inotropic augmentation was much more marked during sympathetic stimulation resulting in higher systolic ejection rate, a shorter systolic period, and alterations in blood flow. Although mild inotropic augmentation did occur during hypoxia, and has been reported by other workers (Woods and Richardson, 1959; Nejad and Ogden, 1967) , this was not as marked as that of left stellate stimulation, despite the fact that hypoxia causes a release of catecholamine from the sympathetic nerve endings. Finally, sympathetic stimulation may in fact have caused coronary vasoconstriction that was then overshadowed by the powerful vasodilator effects of hypoxia, resulting from the increased oxygen demands by the myocardium under the influence of catecholamines.
This last possibility appears attractive, as it substantiates the observation of the oxygen wasting effects of catecholamines. Whether this effect is direct vasoconstriction or due to other factors interfering with the expected vasodilatation during sympathetic stimulation cannot be answered.
